Introduction
Total food waste in Japan is estimated to be about 20 million tons a year. Only 20% of that waste is recycled and the rest (80%) is incinerated [1] . In order to create a low carbon society, the incineration treatment for waste biomass must be converted into the treatment of carbon fixation in addition to recycling. Carbonization is considered to be a reliable and easy method by which to solidify carbon for waste biomass such as sewage disposal sludge or fermentation sludge including food waste [2, 3] .
Carbonization for biomass must be treated under oxygen-free conditions to avoid burning of the carbonized products in a charcoal kiln at high temperature.
However, carbonization treatment achieved by using inert gases such as nitrogen is neither practical nor economically feasible. Traditionally, biomass has been carbonized in a batch style charcoal kiln that heats contents at high temperature under an oxygen-free condition by burning part of the biomass [4] . Thus, for optimum operability and productivity, development of a continuous carbonization device for handling waste biomass is necessary. Recently, superheated steam treatment that makes it possible to heat materials at high temperature under an oxygen-free condition has attracted considerable attention for its potential application to carbonization systems [5] . However, this would require much energy to generate superheated steam (SHS) and has the disadvantage of low thermal efficiency.
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SHS＋FIH, investigators showed that the heat transfer rate increased 2 times or more when only 1/5 ~1/6 of heat flow (thermal energy rate) to generate SHS was supplied to the FIH heater [8] . The study also demonstrated that it is easy to heat the carbonization chamber to high temperature at high heating rate compared with the treatment using SHS alone [9] .
Suzuki, et al. have reported that the carbonization rate of biomass obeyed a first-order rate equation and that reaction occurred with the same mechanism as the thermal decomposition reaction in an inert gas such as nitrogen gas [10] . Therefore, it was estimated according to chemical reaction kinetics that the carbonization rate and productivity of carbonized product might increase with increases in the carbonization temperature.
From the viewpoint of preventing global warming as well as recycling waste biomass, carbonization of biomass is meaningless when the required energy for the carbonization treatment is higher than the energetic value of the carbonized product. So, in this study, carbonization energy was compared with the combustion heat of the carbonized product, since the carbonized product is commonly used as a solid fuel with comparatively low added value. As the carbonization rate was affected by the sample size [9] , cooked rice grains that had been completely dried were used as a sample, because grains have a consistent size that can be prepared easily. Also, cooked rice waste discarded from food and convenience stores is one of the most common food wastes in Japan.
The objectives of this study were to investigate the relationship between the energy required to produce unit mass of carbonized product and the carbonization conditions of the combined method of SHS＋FIH, and to determine the energetic advantage of this combined method for carbonization treatment of waste biomass. inserted at the back side of the plate. The plate was set in the carbonization chamber (the position of the sample is shown in Fig. 1 ). T c was nearly equal to the average temperature of the carbonization treatment in the carbonization chamber.
Materials and methods

Apparatus
Carbonization procedures
The cooked and dried rice grains were used as a sam- Table   1 . When the carbonization temperature was constant at the prescribed temperature, the sample container on the mesh conveyor belt was put in the carbonization chamber, and heated for a determined period of time. After the heating time, the sample container was removed from the carbonization chamber and immediately covered with a lid, the sample was then cooled in a dessiccator for 30 minutes after which the sample weight was measured.
The generation rate of SHS in this study was fixed at 7.7 kg/h. The amount of SHS, 7.7 kg/h, was the lowest value to keep at positive pressure in the heating chamber with the SHS and maintain the temperature in the heating chamber uniformly.
Calculation of energy requirement per unit mass of carbonized product
The energy requirement to produce unit mass of carbonized product, Q c [kJ], was estimated by the following equation:
where 
where C pm ［kJ/(kg・K)］is the specific heat of water, λ 
Measurement of the carbonization ratio
Following the method of Isa et al. [9] , the carboniza- 
G e was determined from the value with no weight change during sufficient carbonization time under the carbonization condition. The value of G e was determined
as G e ＝0.38G 0 based on results of the preliminary experiment.
Results and discussion
The carbonization rate of dried rice
During the carbonization period, melting and swelling of the rice sample was observed, which is different from the carbonization characteristics of woods [9] . the results of previous studies [9, 10] . Thus a first-order reaction rate equation was applied to the carbonization rate, and the carbonization ratio N was expressed as:
where k [1/s] is the carbonization rate constant, and t [s]
is the carbonization time.
The carbonization rate constant, k, was calculated from 
The activation energy calculated from Eq. (5) was about 140 kJ/mol, and this value was in the same range as the activation energy for the carbonization of carbohydrates (144～167 kJ/mol) [10] and wood materials (137 ～149 kJ/mol) [9] in SHS, and thermal decomposition reaction of starch and cellulose under nitrogen gas condition, 140～150 kJ/mol [11] . The value of Q 10 , the ratio of rate constant at (T＋10)℃ to that at T℃ , for the carbonization in this study was about 1.7, and this value was considered to be in the range of thermochemical reaction.
Energy requirement per unit mass of carbonized product
As shown in Fig. 2 or Eq. (5), the carbonization rate depended only on the carbonization temperature, and it increased as the carbonization temperature increased.
From this result, we estimated that productivity of the carbonized product might increase and the energy requirement to produce unit mass of carbonized product might decrease with the increase in carbonization temperature. Therefore, the energy requirement per unit mass of carbonized product, Q c , was plotted against the carbonization temperature, T c , in Fig. 3 in which results are shown for only two SHS temperature conditions (the lowest 393 K and the highest 473 K) as examples. Figure   3 shows clearly that the logarithmic value of Q c decreased almost linearly with the increase in carbonization temperature, T c .
The carbonization conditions and carbonization time for the highest and lowest values of Q c in this study are compared in Table 2 . The energy requirement to produce unit mass of carbonized product, Q c , at 578 K (SHS473＋FIH673) was about 1/134 of that at 503 K (SHS393＋FIH648), although the difference in heat flow (thermal energy rate) for the carbonization for both conditions was only 0.29 kW, as shown in Table 2 . In an actual carbonization treatment, the values of Q c for both In order to carbonize a sample by applying treatment with SHS alone at higher temperatures than those used in conducting this study, a great amount of higher temperature SHS is needed, even for the small apparatus used in this study. To achieve this, the ability of the super-heater had to be improved adequately. In contrast, however, the apparatus could be heated easily to high carbonization temperature by applying the combined treatment of SHS＋FIH. The far-infrared heater can easily heat the carbonization chamber to high temperature at high heating speed. Also, the far-infrared heater easily controls the energy input. From the view point of heat loss reduction, it was considered that the combined treatment of SHS with FIH is possible to make the heat loss lower than the treatment of SHS alone because the combined treatment was able to heat the heating chamber in shorter time by increasing the temperature of the farinfrared heaters without using much amount of SHS.
These advantages of this combined method of SHS＋FIH makes it possible to heat the carbonization chamber to high temperature at high speed, and enables to decreasing of Q c values at a high carbonization temperature.
Energetic value of the carbonized product
In order to make clear the energetic advantage of this combined method of SHS＋FIH for carbonizing waste biomass, the energy requirement for the carbonization was compared with the combustion heat of the carbonized product, because the carbonized product is commonly used as a solid fuel with comparatively low added value. It was assumed that the combustion heat of the carbonized product was the same as that of carbon, 395.1 kJ/mol [12] . The smallest value of the energy required to produce unit mass of carbonized product, Q c , obtained in this study was 26 MJ/kg at 578 K as shown in Table 2 , while the combustion energy of the carbonized product was evaluated as 33 MJ/kg. Thus the energetic value of the carbonized product was slightly higher than the carbonization energy at 578 K. Further, the production rate of the carbonized product can be expected to increase as the carbonization temperature increases. For example, the production rate of the carbonized product at 623 K is estimated to be about 7.1 kg/h using Eqs. (3) and (4).
This makes the carbonization energy per unit mass of carbonized product less than 1/6 of that at 578 K. Thus the energetic value of the carbonized product might be several times higher than the carbonization energy at the carbonization temperatures higher than 623 K, although energy losses from the apparatus and size effects of materials to be carbonized on heat transfer rate have to be taken into account in practical carbonization treatment.
Conclusion
The carbonization rate and energy for waste biomass in the combined treatment of SHS with FIH was investi- about a half that of the treatment with SHS alone. It was easy to heat the carbonization chamber to high temperatures. These advantages of this combined method of SHS ＋FIH ensured that Q c decreases due to low energy consumption and high production rate of the carbonized product at high temperature. At carbonization temperatures higher than 623 K, it is estimated that the combustion heat of the carbonized product would be several times higher than the carbonization energy.
